INTRODUCTION
Radiation oncology plays an important role in cancer management. Radiation therapy is an effective non-invasive cancer therapy that can be given repeatedly over a few to several weeks and can be targeted specifically at the area where treatment is needed, minimizing side effects for uninvolved normal tissues. Each year approximately 60% of cancer patients in the United States receive radiation therapy for definitive treatment, for palliation of symptoms, or as an adjunct to surgery or chemotherapy. Radiation therapy is commonly applied to control cell growth through DNA damage caused by ionizing radiation of exposed tissue; furthermore, cancerous cells are more susceptible to death by ionizing radiation because many types of tumors have turned off their DNA repair machinery during the process of becoming cancerous. To spare normal tissues (such as skin or organs which radiation must pass through to treat the tumor), shaped radiation beams are aimed from several angles of exposure to intersect at the tumor, providing a much larger absorbed dose there than in the surrounding, healthy tissue. The field of radiation oncology changed dramatically with the wide introduction of computeroptimized intensity-modulated radiation therapy (IMRT) in the 1990s. IMRT is based on the use of numerous radiation beams with optimized nonuniform intensities resulting from inverse treatment planning, which can achieve much better dose conformity than conventional radiotherapy techniques. With this technique, high radiation doses to the primary tumor can be given while limiting the dose to radiation-sensitive normal tissues adjacent to the tumor. In the era of high-precision radiotherapy, accurate tumor volume delineation regarding tumor boundaries, shape and volume is crucial. For target volume selection and delineation, anatomical imaging modalities such as computed tomography (CT) and magnetic resonance imaging (MRI) remain the most widely used modalities. CT is widely available, does not have geometric distortion, and provides intrinsic information on the electronic densities of various tissues. However, CT lacks contrast resolution for normal soft-tissue structures and tumor extent, which has led to significant inter-and intraobserver variations in delineation of the gross tumor volume (GTV) in head and neck, lung, esophageal, prostate, breast, cervical and brain tumors. MRI has been shown to be more accurate than CT for evaluating the soft-tissue or bone extent of nasopharynx, prostate and brain tumors with smaller interobserver variations in delineation of the GTV. However, for pharyngeal-laryngeal tumors, both MRI and CT have limitations with significant interobserver variability in target volume delineation (1) .
Over the last few decades, molecular imaging, particularly positron emission tomography (PET), has been widely used for cancer diagnosis, monitoring therapy response, and radiotherapy planning (2-4). As a highly sensitive and accurate nuclear medicine imaging technology based on molecular biology, PET has a unique ability to assess the functional and biochemical processes of the body's tissues, which are altered in the earliest stages of virtually all diseases. PET detects these changes -often before anatomical or structural changes have occurred or are evident on MRI or CT. It compares normal and abnormal tissues at a functional rather than morphologic level (MRI or CT). PET promises to improve the target definition by defining a metabolically active biological target volume (BTV). The target volumes defined by PET have been shown to be closest to the pathological specimen compared with CT or MRI in laryngeal carcinoma (5) . However, PET for radiotherapy planning has been limited by its lack of spatial resolution and relatively low specificity to locate a target to the degree of accuracy required in precision radiotherapy, such as IMRT. The advent of hybrid PET/CT scanners has allowed hardware fusion of functional and anatomic imaging. This provides better localization of the functional imaging and decreases the interobserver variations in identifying target volumes, which has proven to be a major advance for radiotherapy planning (3). 18 F-Fluorodeoxyglucose (FDG) is the most commonly used and the only oncological PET tracer approved by the Food and Drug Administration (FDA) for routine clinical use. More than 90% of oncological PET imaging is performed by FDG-PET due to the increased metabolism of glucose by tumor cells in most lung, colorectal, esophageal, stomach, head and neck, cervical, ovarian and breast cancers as well as melanoma and most types of lymphoma. In addition to diagnosis, staging, restaging and monitoring response to cancer treatment, FDG-PET can be useful for selection or delineation of radiotherapy target volumes. The use of FDG-PET for radiotherapy planning purposes has shown increasing importance, as more and more radiation oncologists believe that target volume selection and delineation cannot be adequately performed without the use of FDG-PET in certain cancer types. However, FDG is not a tumor-specific substance; its accumulation in benign lesions, such as inflammation, causes false-positive results that lead to low tumor specificity (6) . In addition to glucose, amino acids (the building block of protein) and choline (the building block of cell membranes) have also shown increased tumor consumption and tumor specificity; therefore, their radiolabeled radiotracers such as 11 Cmethionine and 11 C-choline may have significant potential for tumor detection in organ sites with high glucose utilization, resulting in an undesirable FDG-PET background such as with brain tumor or in tumors with low intrinsic FDG uptake such as prostate cancer. In addition, 11 C-acetate acts as a probe of tissue metabolism through entry into catabolic or anabolic metabolic pathways as mediated by acetyl-coenzyme A and is also a useful PET tracer for various cancer types, such as lung cancer, hepatocellular carcinoma, renal cancer, prostate cancer and astrocytomas (7-10), which makes it a potential substitute for FDG in target volume selection and delineation in radiotherapy planning (11) .
Metabolic PET can provide information that impacts radiotherapy planning in several ways. First, PET may detect a tumor that is missed by CT or MRI. Second, PET may detect additional tumor regions outside the tumor volume as defined by CT or MR imaging. Third, PET may show subregions or foci with increased or altered metabolism within the gross tumor volume that could be preferentially targeted and treated with escalated radiation doses. The more precise 3D delineation of tumor volumes could translate into improved locoregional control with radiation therapy. A common issue in the use of FDG-PET for the delineation of radiation target volumes is the definition of a standardized uptake value (SUV) threshold for involved disease. There is no consensus definition of what constitutes metabolically active tumor as a function of SUV, and the definition of target volumes on PET is somewhat arbitrary. Generally, to define the metabolic target volume, contours based on multiple SUV thresholds are generated, and the radiation oncologist subsequently chooses the threshold that is believed to most accurately represent the burden of disease as determined by clinical examination and/or other imaging modalities. Contours from FDG-PET scans based on SUV thresholds should only be used to enlarge a target volume contour; using FDG-PET contours to shrink a pre-existing target volume would risk undertreating tissue that may be involved with tumor. For these reasons, FDG-PET contours based on SUV thresholds should generally be used as an adjunct to CT or MRI-based contours and not as a single modality method for defining a target volume.
Finally, FDG-PET may also have utility for following the response of tumors to radiation. In the short term, oxidative stress induced by radiation therapy may reroute the use of glucose from glycolysis to the pentose phosphate pathway in a process regulated by ATM, allowing production of NADPH as a response to the generation of reactive oxygen species (12) . It remains unclear how this shift will alter overall glucose utilization and the signal seen on FDG-PET in the period during or immediately after a course of radiation therapy. However, over the long term, decreasing cellular proliferation and inducing cell death with radiation will lead to an overall reduction in metabolism including reduced glucose consumption, protein synthesis/amino acid transport and DNA synthesis. Also, since inflammation is a common acute response to radiotherapy, FDG-PET signals may be confounded by inflammatory cells, leading to limitations in the detection of early tumor responses to radiation. For these reasons, FDG-PET should not be performed until several months after completion of radiotherapy, while DNA analogs or amino acids and their analogs are more specific to tumor characteristics than FDG, that may be more suitable to monitor early radiotherapy response. Haubner reviewed the syntheses and biological characteristics of clinically tested PET tracers which may be METABOLIC PET IMAGING IN RADIATION ONCOLOGY useful in radiation treatment planning (13) . This article will focus on the utility of FDG and other metabolic tumor PET imaging agents in radiotherapy planning for accurate delineation of the radiotherapy target volume and monitoring radiotherapy response of various tumors, including lung, head and neck, breast, esophageal, lymphoma, brain and prostate cancers.
LUNG CANCERS
Lung cancer is the leading cause of cancer death in both men and women. Eighty percent of lung cancer is non-small cell lung cancer (NSCLC). While it is difficult to treat, the best opportunity to cure NSCLC is by radical surgical resection in the early stages of disease. FDG-PET has been widely used in evaluation of patients with lung cancer and has proven to be of immense value in the initial diagnosis of disease (14) . The overall sensitivity, specificity and accuracy of FDG-PET for detection of lung cancers are very high for primary, residual and recurrent disease.
Radiotherapy is a key treatment modality in the curative treatment of patients with lung cancer. Recent progress in combined modality treatments incorporating chemotherapy and radiation, with or without surgery, as well as technical advances in radiation delivery, has led to significant improvements in treatment outcomes. Accurate evaluation of nodal metastasis is crucial for planning curative radiotherapy. FDG-PET scan is more sensitive than CT in detection of lymph node involvement and distant metastases in NSCLC. In our own experience, a 73-year-old female patient with Stage IIIA NSCLC was imaged by FDG-PET/ CT (Fig. 1) . Axial CT alone images in both mediastinal and lung windowing could not show a clear profile of the tumors, while overlayed PET imaging clearly showed primary lung lesions and right paratracheal lymph node involvement ( Fig. 1A-D) . The patient was treated on protocol with carboplatin/taxol þ cetuximab with 3D conformal radiotherapy to 74 Gy based on the contour guided by FDG-PET/CT (Fig. 1E, F) . FDG-PET led to significant modification of treatment strategy and radiotherapy planning in NSCLC patients (15) . PET-defined volumes were, in general, smaller than volumes defined by CT, thus leading to decreased radiation exposure of the lungs and esophagus sufficiently as to allow for radiation dose escalation (16) . Faria reported that more than 50% major alterations in the GTV contoured on PET/CT compared with CT alone were found by oncologists. Figure  2 shows that contours of a right lung tumor using PET/CT and CT had a GTV difference .30%. However, pathological examination shows that PET is not always accurate; thus histological examination should be obtained to confirm the findings of PET whenever possible (17) . PET scans alone offer little additional advantage over CT or MRI scans for primary tumor staging; however, they have been observed to reduce the interobserver variability compared to CT alone (18) , and integrated PET/CT improved variability even further (19) . Additionally, PET/CT scans have been shown to detect distant metastases that are missed by conventional scans, which is of obvious benefit to patients who may require additional treatment.
In addition to its use in delineating the extent of a lung malignancy at the time of diagnosis, FDG-PET imaging is also used to monitor metabolic changes after radiotherapy (20, 21) . MacManus et al. reported that metabolic response correlated well with radiotherapy outcome. Complete metabolic response (CMR) predicted good radiotherapy 438 outcome: 1-year survival for CMR and non-CMR patients was 93% and 47%, respectively, and 2-year survival was 62% and 30%, respectively (22) . The degree of radiotherapy-induced change in tumor glucose metabolism as determined by FDG-PET is highly predictive for patient outcome and allows stratification of patients into groups with widely differing overall and progression-free survival probabilities.
FDG-PET/CT has led to the safe decrease of radiotherapy volumes by better delineation of tumor, enabling radiation dose escalation and, experimentally, allowing definition of regions of tumor at greatest risk for recurrence, permitting redistribution of radiation doses within the tumor to focus on these regions. In addition, FDG-PET/CT has proven to be a useful tool for monitoring treatment response in lung cancer patients. PET/CT imaging is rapidly being embraced by the radiation oncology community as a means to accurately define the target volume for treatment optimization and for following response to treatment in NSCLC.
HEAD AND NECK CANCERS
Head and neck cancers (HNC) account for approximately 4% to 5% of all malignant diseases in the United States. The majority of HNC are squamous cell carcinomas of head and neck (SCCHN), which often spread to lymph nodes of the neck at the time of diagnosis. FDG-PET has become widely accepted as a standard modality for evaluating SCCHN with good diagnostic performance in the overall pretreatment evaluation of such patients; however, it may have limitations in detecting micrometastasis, due to low FDG uptake of small tumors without hypoxia (23) .
Radiotherapy is one of the primary treatments of HNC. FDG-PET/CT can play various roles in the treatment of HNC including staging, restaging and defining biological tumor volume (BTV) for high-dose radiotherapy boost. The role of FDG-PET in planning radiotherapy of HNC has drawn great interest and has been reviewed in multiple publications (24-26). There can be significant variation in target volumes depending on whether conventional planning or PET-CT-based planning is used. Conflicting reports have shown that CT-based gross tumor volumes (GTVs) were larger than PET/CT-based GTVs in some cases (27, 28) , while a similar study of 22 HNC patients reported that GTV defined with the help of PET-CT was significantly larger than the CT-based volumes (P , 0.0001) (29) . In addition, different threshold methods to delineate the target volume also lead to variations in target volumes. Moule et al. investigated two fixed threshold methods to delineate the target volume using FDG-PET/CT. Functional volumes were delineated according to the standard uptake value cut off (SUVCO) (2.5, 3.0, 3.5 and 4.0 bodyweight g/ml) and percentage of the SUVmax (30%, 35%, 40%, 45% and 50%) thresholds, and it was shown that SUVCO was more reliable to differentiate target volume from background than SUVmax (30) . Furthermore, interobserver variations were decreased when identifying the target volume with FDG-PET/CT compared to CT alone (31) . In our own experience, a 62-year-old male with T2N2b squamous cell carcinoma of left base of tongue had radiotherapy planned out by FDG-PET/CT combined images (Fig. 3) . Figure 3A is the CT alone image, which did not show a clear profile of the tumors, while the FDG-PET/CT combined images (Fig.  3B-D) were significantly more sensitive at delineating the extent of tumors. PET contour showed an area within the VOI with SUV . 7 in the primary tumor and left level IIA lymph nodes. This patient was treated with IMRT to 57 Gy to low-risk nodal regions, 63 Gy to high-risk nodal regions and 70 Gy to PET-avid disease defined by SUV . 7 þ 5 mm margin.
FDG-PET can provide important complementary information for radiotherapy planning in head and neck cancer. Potentially, the GTV can be changed on the basis of PET information, facilitating sparing of nearby normal tissues and allowing dose escalation to relatively small subvolumes. In addition, biological imaging using C-acetate (ACE) and FDG-PET in ten patients indicated that ACE-PET may be more sensitive than FDG-PET for the detection of primary tumors and metastases in patients with SCCHN (10, 32) .
In addition to playing a significant role in radiation treatment planning, FDG-PET is also used to evaluate treatment outcome in HNC. Pretreatment FDG-PET is useful in predicting the response to treatment, and posttreatment FDG-PET is of value in identifying residual viable tumors. Kitagawa et al. reported that HNCs with high SUVs (mean, 9.75 mg/ml) prior to the treatment decreased significantly after the therapy (3.41 mg/ml, P , 0.01) and lower post-therapy SUV was significantly correlated with good histological results (no viable tumor cells, n ¼ 16) (33) . Farrage reported that the overall survival (OS) and disease-free survival (DFS) were significantly different in good responders with a low SUVmax than poor responders with a high SUVmax (81 and 67% compared to 50 and 40%, respectively), whereas there were no significant differences in CMRs and non-CMRs (34) . In brief, FDG-PET has a profound impact on the treatment strategy for head and neck carcinomas.
Currently there is no significant evidence suggesting the use of one modality over the other in HNC radiotherapy planning. Attempts are being made to combine the benefits of multiple modalities to get more accurate representation of the tumor. However, to address the clinical value and possible shortcomings of these concepts, additional histological validation studies and properly designed clinical studies are needed.
BREAST CANCERS
Breast cancer is the most common cancer in female patients, and it carries a significant risk for recurrence and metastases. Breast cancer is the second leading cause of death in women. For localized cancers, the 5-year survival rate is more than 96%, but survival decreases dramatically with regional or distant metastatic disease. FDG-PET has been widely used in evaluation of patients with breast cancer, especially in those who have recurrent or locally advanced breast cancer. Strategies in managing breast cancer include using various combinations of surgery, radiation therapy and chemotherapeutic regimens. Radiotherapy is mainly applied in three areas: (1) adjuvant radiation therapy after breast surgery, (2) radiation therapy for isolated recurrence after surgery, and (3) radiation therapy for metastatic disease.
Published reports are limited in assessing the utility of FDG-PET in breast cancer radiotherapy planning. At present, FDG-PET has not shown significant utility in radiation planning after breast-conserving surgery. Postoperative inflammatory changes in the cavity will lead to increased FDG uptake; therefore, the FDG-PET-defined lumpectomy cavity was significantly larger than the CT-defined cavity, which could be covered by CT-determined volume without significant increase (35) . However, FDG-PET can contribute in significant ways to the clinical management and radiation planning of patients who have suspected locoregional recurrences. The most common sites of locoregional recurrence among breast cancer patients that have undergone mastectomy and axillary node dissection are the chest wall and supraclavicular nodes. Patients who have locoregional recurrences are at high risk for synchronous or metachronous distant metastases (36) . FDG-PET is able to differentiate recurrences from postsurgical scars and is much more sensitive at detecting metastasis than CT and/or MRI. The role of FDG-PET is especially prominent in the management of oligometastatic disease (a state of metastatic progression in 440 which a limited metastatic spread of disease is potentially curable with local therapy), which is an area in which radiation therapy is emerging as an important treatment modality (34) . In our own experience, a 56-year-old female patient with infiltrating ductal carcinoma of the right breast (T2N3), treated with neoadjuvant chemo followed by mastectomy and radiation, developed a right internal mammary node (IMN) recurrence 2½ years after initial therapy (Fig. 4A, B) . The recurrence was treated to the IMN chain to 45 Gy in 25 fractions and was boosted to the PETpositive node with an additional 15 Gy in three fractions (Fig.  4C) ; 5 months after treatment, FDG-PET imaging fused onto the original treatment planning CT showed complete resolution of PET-positive focus in Fig. 4D .
In summary, the greatest clinical applications of FDG-PET in breast cancer are in the detection and definition of the extent of recurrent or metastatic disease, which can provide valuable information for determining treatment volumes and avoiding geographic misses, thus improving outcomes. At this point, there are few data available to support the use of FDG-PET to monitor tumor response to radiation; however, future studies may serve to increase the role of FDG-PET in the evaluation of breast cancer patients after their radiation treatment course.
ESOPHAGEAL CANCERS
The incidence of esophageal cancer ranks in the top ten worldwide, with a relatively high mortality rate. Esophageal cancers consist primarily of two subtypes, adenocarcinoma (comprising 50-80% of all esophageal cancer cases) and squamous cell carcinoma (comprising most of the remaining cases). FDG-PET is not generally used for the initial diagnosis of esophageal cancer due to significant FDG uptake in infectious esophagitis, Barrett's esophagus, inflammatory esophagitis and other benign diseases. In addition, FDG-PET plays a limited role in the evaluation of regional nodal disease in patients with esophageal cancer but has a high sensitivity for evaluation of local recurrence along with a high sensitivity and specificity for detection of distant disease occurring outside the initial surgical field (37) .
As with many malignancies, radiotherapy is one of the primary treatments for esophageal cancer. Combined chemotherapy and radiation therapy has proven superior to either therapy alone as primary treatment for esophageal cancer. Overall, while radiation therapy alone can be used to treat localized cancer in patients who cannot tolerate surgery or chemotherapy, very few patients are actually cured with this approach. Radiation therapy alone can also be used to decrease symptoms associated with this cancer, especially with more locally advanced disease in the setting of patients who are medically unable to receive surgery or chemotherapy or who have a recurrence after surgery.
Accurate delineation of GTV is a prerequisite for a successful treatment of esophageal cancer with radiotherapy. The use of FDG-PET/CT has been shown to change target volumes contoured by radiation oncologists in a considerable proportion of patients (20-90%) with conse- (38, 39) . The tumor length evaluated by FDG-PET at an SUV cutoff of 2.5 seemed most approximate to the pathological tumor length (40, 41) . In addition, the inter-and intraobserver variability of GTV contours based on FDG-PET is decreased compared to CT-based planning in a few reports (42) . However, evidence supporting the validity of the use of FDG-PET/CT in the tumor delineation process is very limited. No significant correlation between FDG-PET-based tumor length and pathological findings has been found, because using different methods to evaluate FDG-PET imaging results in variations in gross tumor lengths. Muijs et al. reported a systematic review on the role of FDG-PET/ CT in tumor delineation and radiotherapy planning in patients with esophageal cancer and did not find a significant role of FDG-PET in radiotherapy (43) .
FDG-PET has limitations in monitoring early therapy response because FDG-PET cannot clearly separate posttreatment inflammation from residual tumor in esophageal cancer (44) . Most of the reports regarding the use of FDG-PET to evaluate treatment response in esophageal cancer include patients treated primarily with chemotherapy with very limited data on radiotherapy. A systematic review concluded that FDG-PET should not be used in routine clinical practice to guide neoadjuvant therapy decisions in patients with esophageal cancer due to its widely variable sensitivity and specificity, which have both been reported to range around 30-100% (45). Ngamruengphong et al. also reported their experience in this situation and found no difference in accuracy between early FDG-PET and FDG-PET after completion of neoadjuvant therapy (46) . They concluded that FDG-PET added no significant information in monitoring therapy response in esophageal cancer.
In summary, FDG-PET can play a complementary role in radiation therapy planning to other modalities such as CT, MRI and endoscopic ultrasound (EUS) in the management of esophageal cancer. Due to the low sensitivity of FDG-PET in esophageal cancer, the irradiated volume should not be reduced based on a negative FDG-PET in a region with suspect nodes on other tests. However, due to the high specificity of FDG-PET, enlarging the irradiated volume based on a positive FDG-PET in a region without suspected lymph nodes on CT and/or EUS should be considered. This indicates a role for FDG-PET in radiotherapy planning for esophageal cancer.
LYMPHOMAS
Lymphomas are the most common primary hematopoietic malignancy in the United States. Lymphomas often respond well to therapy, and survival rates are generally 90% or higher when these diseases are detected at early stages, making it one of the most curable forms of cancer (47) . The primary therapeutic modalities are chemotherapy and radiotherapy, because surgery does not often play a role in the management of this disease. Accurate imaging is crucial to treatment strategy, and FDG-PET has become a useful imaging modality in the staging and treatment evaluation algorithm for lymphoma by providing unique metabolic information.
FDG-PET is more powerful than CT or MRI in evaluating both non-Hodgkin's and Hodgkin's lymphoma (48) . Currently, FDG-PET may be more accurate than anatomical imaging modalities in assessing treatment effects to correctly identify patients with residual disease and predict therapy outcome (49) . FDG-PET information for defining target volumes for radiotherapy planning has also drawn great interest. Hutchings et al. reported that FDG-PET/CT results in larger treatment volumes for radiotherapy planning (50) . Furthermore, the initial FDG-PET helped the delineation of involved-field radiotherapy for the nodal regions at risk by the identification of lymph nodes that were undetected on CT in 36% of the patients (51). Asakura et al. published a series describing radiotherapy planning based on FDG-PET delineation, which resulted in good therapeutic outcome without relapse in 3 months (52) .
In addition to its utility in radiation treatment planning, FDG-PET has significant value in monitoring response to therapy and predicting outcomes for patients with lymphoma (53) . Most reports concerning the use of FDG-PET in lymphoma after treatment were for monitoring chemotherapy response, and reports of monitoring radiotherapy response by FDG-PET are more limited. It is still not proven that the use of interim FDG-PET can improve patient outcomes (54); however, FDG-PET may have a role in determining prognosis for treated patients. Keller et al. reported that using weekly FDG-PET imaging during radiotherapy for non-Hodgkin's lymphoma showed that smaller initial tumor volume and late metabolic and volumetric response (after completion of radiation therapy) correlated well to eventual local control, whereas pretreatment FDG uptake and GTV volumes showed large variability and were not correlated with eventual response (55) . In our own experience, FDG-PET imaging of a 32-year-old male patient with stage IIIB nodular sclerosing Hodgkin's disease had very poor response to chemotherapy but good response to radiation treatment. Initially, this patient received chemotherapy protocol of ABVD (adriamycin, bleomycin, vinblastine and dacarbazine) 3 8 cycles with continued PET-positive disease in mediastinum; then he received reinduction with ICE (ifosfamide, carboplatin and etoposide) chemotherapy, which still left PET-positive disease in same region. Finally, the patient was treated with radiation to the mediastinum followed by high-dose chemotherapy with autologous stem cell rescue. Four months after radiation therapy and stem cell transplant, FDG-PET/CT imaging showed significant therapy response; the focus in the preradiation therapy PET imaging was decreased in 4-month postradiotherapy PET imaging (Fig. 5A, B) . The mild increase in FDG uptake that 442 remained was felt to represent some diffuse inflammation caused by radiotherapy (Fig. 5B) .
In brief, the addition of FDG-PET information could improve the accurate delivery of radiation therapy in patients with Hodgkin's and non-Hodgkin's lymphoma, but to date there are no reports that have described correlation with disease outcomes. Additionally, in Hodgkin's disease, FDG-PET is essential for determining the extent of involved-field irradiation and leads to increased irradiation volumes while also decreasing geographic miss.
BRAIN TUMORS
Brain tumors include all tumors that arise inside the cranium, especially gliomas, which are inherently serious and life-threatening because of their invasive and infiltrative character in the limited space of the intracranial cavity. Surgery, chemotherapy and radiotherapy are the main treatment modalities for gliomas. Radiotherapy as a primary treatment modality is mainly reserved for the inoperable cases; however, radiation therapy is often employed in an adjuvant setting, particularly if there is residual tumor left behind after surgical resection. Normal brain cells consume large amounts of glucose due to their high metabolic demand; therefore, FDG-PET alone is not suitable for brain tumor evaluation. Multimodality images including MRI or CT and FDG-PET are essential for accurate evaluation of brain tumors. However, due to increased proliferation and protein synthesis, brain tumors also have increased amino acid uptake and upregulated amino acid transporters. Radiolabeled amino acid and its analogs are a class of tumor imaging agents that may be more suitable for tumors with high FDG background imaging.
Most studies of the natural amino acids as PET tracers were performed using 11 C-labeled amino acids. The most prominent example is PET scanning with 11 C-labeled methionine (MET-PET). MET-PET has been used in the clinical management of cerebral gliomas for initial diagnosis, differentiation of tumor recurrence from treatment effect, grading, prognostication, tumor extent delineation after biopsy/surgical resection or for radiotherapy planning, and assessment of response to therapy (56) . MET-PET shows promising results in the detection and delineation of viable tumor, especially in low-grade gliomas. MET-PET is reported to be superior to CT alone, FDG-PET and 18 F-labeled fluorothymidine (FLT)-PET in delineating low-grade gliomas (57, 58) . In high-grade gliomas, use of the 11 C-MET tracer results in PET images that increased the size of the GTV obtained by more standard approaches in patients treated with radiation therapy (59); furthermore, treatment planning using MET-PET-based tumor delineation instead of CT/MRI images was associated with an improvement in survival (60, 61) . In tumor delineation of meningiomas, MET-PET also led to a significant increase in the size of the GTV (Fig. 6 ) (62) . In addition, the high sensitivity of PET can further modify the planning target volume by, for instance, identifying some tumors not seen with CT/MRI, but visible in PET imaging.
11 C-labeled tyrosine (TYR) was reported to monitor protein synthesis rate in pituitary adenoma pre-and postradiotherapy and showed great decrease in TYR accumulation after radiotherapy (63) . However, due to the short half-life of 11 C, 18 F labeled radiotracers are more preferred.
18 F-labeled 1-amino-3-fluorocyclobutyl-1-carboxylic acid (FACBC), an unnatural amino acid, is in the clinical trial stage for brain tumor imaging.
18 F-FACBC PET was performed on a patient with residual glioblastoma multiforme and showed intense uptake in the left frontal region of the brain with very clear background 1 week after surgery, while 8 weeks after surgery the FDG-PET scan also showed the residual tumor with high normal brain uptake (64). 
PROSTATE CANCERS
Prostate cancer is an age-related disease and is most common in men age 65 and older. Approximately 1 in 6 males will be diagnosed with prostate cancer in their lifetime, making this the most common non-cutaneous malignancy among men in the United States. The natural history of prostate cancer is very slow, and patients with early-stage disease will typically be asymptomatic. However, advanced-stage prostate cancer with metastasis is lifethreatening. Hormonal therapy, surgery and radiotherapy are the mainstays of prostate cancer treatment. For radiation therapy planning in prostate cancer patients, accurate mapping of the primary tumor, lymph nodes and possible distant metastatic sites is critical for delivering an effective treatment while minimizing treatment-associated morbidity. Due to the low glucose metabolism of prostate cancer cells and the physiological urinary excretion of glucose that may interfere with imaging of the pelvis, FDG-PET has limitations in prostate cancer imaging. Given these limitations, the role of 11 C-choline-PET/CT is under investigation for target volume selection and delineation for radiation therapy of both primary and recurrent prostate cancers (11, 65) .
The primary imaging tools to evaluate prostate cancer are ultrasound (US), CT and MRI.
11
C-choline-PET/CT is not suitable for the initial diagnosis of prostate cancer due to the fact that prostate cancer is often characterized by multiple foci that may be smaller than PET spatial resolution (approximately 5 mm). Furthermore, the low 11 C-choline-PET/CT accuracy in lymph nodal staging of prostate cancer makes it inappropriate to plan target volumes in the lymph nodes (66) . However, 11 C-choline-PET/CT presents high values of sensitivity and specificity in detecting distant recurrent sites of the disease, especially at the level of lymph nodes (67) (68) (69) . In radiotherapy planning, 11 Ccholine-PET/CT may be considered to select and delineate target volumes at recurrent sites in lymph nodes.
In addition to 11 C-choline, 11 C-acetate (ACE) is also potentially a valuable PET tracer for imaging prostate cancer. ACE-PET has been studied for imaging both primary and metastatic sites in prostate cancer patients C-acetate in image guidance for radiotherapy planning has been evaluated in patients with intracapsular prostate carcinoma with promising results (73) . The major limitation of 11 C-labeled tracers is the relatively short half-life of 11 C (approximately 20 min). Therefore, this presents difficulties for use in facilities without an on-site cyclotron. This limitation can be overcome by using longer half-life radioisotopes. For instance, 18 F-choline behaves in a similar manner to 11 Ccholine in prostate cancer patients but has a much longer half-life (approximately 110 min). Despite its advantages, however, 18 F-choline is subject to a high rate of urinary elimination, which presents significant challenges in imaging the pelvis. (74) . In studies of radiotherapy dose escalation, 18 F-choline has been used to delineate gross tumor volume and to generate the planning target volume in patients with intraprostatic lesions while attempting to reduce radiation dose to the bladder and the rectum (75) . However, data are still limited to establish the role of 18 Fcholine in radiotherapy planning.
In addition to the aforementioned substances, the radiolabeled amino acid analog anti-1-amino-3-18 F-fluorocyclobutyl-1-carboxylic acid (anti-18 F-FACBC) has shown promising results in diagnosing primary and recurrent prostate cancers (76) (77) (78) (79) . FACBC-PET is believed to be useful not only for the detection of prostate cancer but also for differentiating prostate cancer from inflammation and benign prostatic hyperplasia. Though FACBC has not been evaluated for radiotherapy planning to date, given its ability to differentiate cancer from some benign processes, it may have a role in planning prostate cancer radiotherapy.
In conclusion, limited data are currently available on the role of FDG-PET plays an increasingly important role in radiotherapy that goes beyond staging and selection of patients. Especially for NSCLC, FDG-PET has led to the safe decrease of radiotherapy volumes, enabling radiation dose escalation and, experimentally, redistribution of radiation doses within the tumor, along with playing a significant role in monitoring radiotherapy response. FDG-PET can provide important complementary information for radiotherapy planning in head and neck cancer. In breast cancer, the greatest clinical applications of FDG-PET are in the detection and definition of the extent of recurrent or metastatic disease. In esophageal cancer, the main advantage of FDG-PET is the detection of unrecognized lymph node metastases. In lymphoma, FDG-PET is essential for involved-nodal irradiation and leads to decreased irradiation volumes while also decreasing geographic misses. In brain tumors, the role of functional imaging in radiotherapy planning is limited; however, 11 C-MET may play an increasingly important role in radiation planning in the future. In prostate cancer, Currently, besides for staging/restaging purposes, PET/ CT is only playing a complementary role to other modalities such as CT and MRI for target volume delineation in radiotherapy. Standardized protocols should be established to better define what role PET and/or PET/CT scans should play in radiotherapy planning.
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